In this paper, a low-profile broadband antenna is presented for 60 GHz applications. It is demonstrated that the entire unlicensed 60 GHz frequency band can be covered using a dielectric based aperture type antenna. The antenna consists of a single-layer dielectric superstrate and an aperture type feed, which are separated by an air-cavity. The diameter of the superstrate is 15 mm, which is 2.75λ 0 at the lowest operating frequency of 55.2 GHz. The simulated total efficiency of the antenna is greater than 88% over the entire operating band (55.2 GHz-65 GHz), which is unprecedented relative to medium-to-high gain millimeter-wave printed antenna arrays, used for similar applications. A prototype antenna was constructed, which exhibits a measured peak gain of 19.5 dBi. This value remains greater than 17 dBi over the entire operating bandwidth. The measured 3-dB beamwidths of the proposed antenna remain between 16 • to 20 • in the E-plane and 19.5 • to 25 • in the H-plane, respectively. The proposed antenna provides broadside directed radiation patterns with cross-polarization in the order of −30 dB over the entire operating band.
I. INTRODUCTION
High-tech service providers and world-leading research institutes are stepped in to deal with the requirements of future wireless communication technologies including 5G mobile networks, autonomous radars, remote sensing satellites, Internet of things (IoT) and many other. Design and performance metrics of the systems required for these technologies such as low-profile, small aperture size, the data rate on the multiple of gigabit per second, low latency time on the millisecond level, and cost efficiencies are dramatically different as compared to the current generation. Multi-functioning communication technologies include multi-input multioutput (MIMO), various novel multiple-access strategies, and many others, are being considered to meet the required but previously unattainable systems features. The need of these high-level technologies brings about new design challenges for the radio frequency (RF) engineers.
To fulfill the demand of a high data rate, the unlicensed 7 GHz frequency band (57 GHz-64 GHz) at millimeter-wave The associate editor coordinating the review of this manuscript and approving it for publication was Qammer Hussain Abbasi .
(mm-wave) frequencies has received increased interest and attention [1] . However, at mm-wave frequencies the path loss is very high. To address these issues, low-cost, highly efficient, high-gain antennas with large bandwidth are required. Aperture antennas such as parabolic reflectors or horn antennas offer an easy solution, to obtain high gain over a large bandwidth [2] , but they are costly, bulky and have a high profile. Printed array antennas are one of the low-cost solutions to achieve high gain, but high conductor and dielectric losses at millimeter-wave frequencies limit their applications as well.
Highly-efficient partially reflecting superstrate (PRS) based antennas are suitable candidates for point-to-point communication in the future wireless technologies due to their low-profile and unprecedented gain-bandwidth product [3] - [17] . These antennas have been investigated for use in mm-wave applications. However, for realizing such antennas at higher frequencies (> 60 GHz) high conductor loss, variation in the electric properties of commercially available dielectric materials, complex antenna assembly and small fabrication imperfections are significant limiting factors need to be considered while designing the RF systems.
These limitations induce undesired shifts in the operating frequency range and can significantly deteriorate the pattern quality, which is critical for directional antennas. In this paper, the key objective is to evaluate the suitability of wideband PRS based antennas for broadband mm-wave applications and demonstrate a suitable solution at 60 GHz frequency band. For this two all-dielectric PRSs, include multi-dielectric stepped PRS and single-dielectric stepped PRS were designed at 60 GHz. A prototype antenna with single-dielectric stepped PRS was fabricated and tested. Experiments demonstrate a peak gain of 19.5 dBi and measured gain remains greater than 17 dBi over the entire unlicensed 60 GHz frequency band. Small discrepancies between the predicted and measured results are also investigated using CST Microwave Studio and discussed in detail.
The paper is organized as follows. Section II presents the all-dielectric single-layer PRS configuration used to increase the feed antenna gain. Section III presents a prototype antenna and a detailed discussion on the experimental results. Performance comparison with the previous work at 60 GHz and concluding remarks are presented in Section IV and Section V, respectively
II. ANTENNA DESIGN AND CONFIGURATION
The general configuration of an air-cavity based antenna is shown in Fig. 1 . It consists of a PRS, which can be single-layer or multi-layer, placed at a distance h above the conducting ground plane, forming an air cavity in between them. Two single-layer all-dielectric PRSs investigated in this work to cover the entire unlicensed 60 GHz frequency band are shown in Fig. 1 (b)-(c), respectively. The first PRS is made out of four concentric rings of different materials ( r1 = 10.2, r2 = 9.2, r3 = 6.15, and r4 = 3.55), having a loss factor of tanδ 1 = 0.0023, tanδ 2 = 0.0022, tanδ 3 = 0.0027, and tanδ 1 = 0.0027, respectively at 10 GHz. The second PRS is made out of single dielectric material Rogers TMM 10i, having permittivity r = 9.8 with a tolerance of ±0.25, and a loss factor, tanδ = 0.002 at 10 GHz. One may note that the thickness of both the PRS varies from the center toward the edge of the PRS, which adds more phase delay to the field at the center of the PRS than that at the edge. The resulting tapered phase along the diameter of the PRS improved the gain of the based antenna. The complete design parameters of both the PRSs are shown in Table 1 . In this work, a commercially available open-ended WR-15 waveguide is selected to validate the PRS performance over a 60 GHz frequency band. The open-ended waveguide inherently offers a large VSWR 2:1 bandwidth, and its radiation pattern is very well-defined over the entire bandwidth with a wide broadside 3dB beamwidth. On the other hand, depending on the mm-wave application, other feed-antenna technology such as a slot-coupled patch, probe fed patch can be integrated with the all-dielectric PRS to obtain directive patterns over a large bandwidth.
Here one may also note that, in PRS based antennas, the flat ground plane, and thus the air-filled cavity in between the ground plane and the PRS, is very important, as the increase in the antenna gain is not obtained without the contribution of the ground plane. A detailed discussion about the significance of the ground plane in PRS based antennas is given in [13] , [22] . At mm-wave frequencies, a common approach to obtain a flat ground plane, for a commercially available WR-15 waveguide, is to carefully design a special thick metallic disc with a rectangular slot in the middle [23] . On the other hand, a thin metallic disc of thickness Gt = 0.79 mm shown in Fig. 2 , equal to the thickness of a step in the WR-15 waveguide adapter, was used to flatten the area. This configuration significantly reduced the fabrication cost and complexity and allows us to use the two available adapter flanges to place the PRS at a distance h above the ground plane. It also allows to use the built-in waveguide aperture of size 3.76 mm × 1.88 mm, to provide the best impedance matching (|S 11 | < −10 dB). A low-permittivity foam is placed between the ground plane and the PRS to maintain the shape of the air cavity. For brevity, the simulated VSWR of the new antenna is discussed with the measured results in Section III.
Predicted matching performance of both the antennas is shown in Fig. 3 . As shown, the antenna with multi-dielectric PRS is well-matched with a voltage standing wave ratio (VSWR) below 2 from 59.13 GHz onward. On the other hand, the VSWR for the antenna with single-dielectric PRS is below 2 from 55.8 GHz onward and this value rises to 2.1 at 66.5 GHz.
Predicted radiation characteristics i.e., broadside gain, broadside directivity, radiation and total efficiency of the antenna with two different PRSs are shown in Fig. 4 and Fig. 5 . As shown, the antenna with multi-dielectric PRS exhibits a predicted peak broadside directivity and peak gain of 19.8 dBi and 19.25 dBi, respectively, at f = 64 GHz. The predicted gain of this antenna remains greater than 16.25 dBi from 58 -68.3 GHz. On the other hand, the antenna with single-dielectric PRS exhibits a predicted peak broadside directivity and peak gain of 19.18 dBi and 19.05 dBi, respectively, at f = 59 GHz. It is worth noting that the predicted broadside directivity and radiation efficiency of the antenna with single-dielectric PRS remain greater than 16.51 dBi and 98%, respectively over the entire matching bandwidth (55.8 GHz on ward). The predicted radiation patterns of this antenna in the E-and H-plane are discussed in Section III with the measured radiation patterns.
III. EXPERIMENT AND RESULTS
To validate the performance of the new antenna over the entire unlicensed 60 GHz frequency band, a prototype of single-dielectric stepped PRS was fabricated and tested. The prototype of the antenna is shown in the inset of Fig. 6 . The VSWR of the prototype antenna, shown in Fig. 6 , was measured over a frequency range from 55 GHz-70 GHz using a HP8720D Vector Network Analyzer. The measured VSWR is below 2 from 55.2 GHz onwards except at 65.75 GHz, where this value rises to 2.19. The agreement between the measurement and simulation in terms of VSWR and gain over frequency is rather poor for PRS permittivity of 9.8 (datasheet value) used in the simulation. To understand the reason for that mismatch between simulation and measured results, a numerical study was carried out in CST by varying the value of PRS's permittivity from 9.6 to 10.2. The agreement between measurement and simulation is much improved assuming a PRS permittivity of 10.2, as can be seen in Fig, 6 and Fig. 7 . Note that, as shown in Fig, 6 , there is an excellent agreement with the measured VSWR.
The measured peak gain of the prototype antenna, shown in Fig. 7 , was measured employing a gain comparison method with a WR-15 standard-gain horn as the reference antenna. The simulated gain for r = 9.8 is also given for comparison, which exhibits a peak gain of 19.05 dBi at 59 GHz. On the other hand, this value for the prototype antenna is 19.5 dBi around 58 GHz, which is due to the variation in the permittivity of the dielectric slab. From Fig. 7 it can also be seen that, like the VSWR curve, the simulated gain of the antenna with the PRS's permittivity of 10.2, is in an excellent agreement with the measured results. Although the prototype antenna validates the high gain performance of the single-feed antenna over the unlicensed 60 GHz frequencies band, the small discrepancies between the simulated and measured results can be attributed to fabrication and measurement tolerances. It is also worth mentioning that the gain measurement setup has its limitations in terms of accuracy as described in [24] .
The radiation patterns and gain of the prototype antenna were measured in an mm-wave anechoic chamber using a gain comparison method. A comparison between the measured and simulated radiation patterns in the E-and H-planes at eight different frequencies, evenly spaced from 57 GHz-64 GHz, is given in Fig. 8 . In both the principal planes, the beam is highly directive towards broadside and is symmetric, with reasonably low SLLs. It is worth noting that, unlike previously published mm-wave PRS based antennas, where SLL rapidly rises up to −4 dB, the measured SLL of the new antenna is below −15 dB in the H-plane. On the other hand, in the E-plane, this value mostly remains below −10 dB and rises up to −9 dB at 61 GHz. Overall, the measured radiation patterns, shown in Fig. 8 for comparison, show a reasonable agreement with the simulated radiation patterns. Fig. 8 also includes the measured E-plane crosspolarization patterns of the prototype antenna. The measured cross-polarization remains below −30 dB at broadside over the entire operating band.
IV. DISCUSSION
To demonstrate the significant improvement of the proposed antenna, performance comparison with the key previous studies in the 60 GHz frequency band is given in Table 2 . To the best of our knowledge, the measured peak gain of single/multi-layer PRS based antenna designed for the 60 GHz frequency band does not exceed 16.5 dBi [1] , [18] - [21] , whereas the proposed antenna demonstrates a peak gain of 19.5 dBi, and this value remains greater than 17 dBi over the entire operating band from 55 GHz-65 GHz. Furthermore, unlike other wideband PRS based antennas at millimeter-wave frequencies [18] - [21] , the measured radiation patterns of the proposed antenna are quite stable with main beam directive towards broadside over the entire operating band, and the measured SLLs are below −15 dB and −9 dB in the H-and E-planes, respectively. It is also worth noting that the footprint of the new PRS is only 5.98λ 2 0 and the footprint of the ground plane is 9.73λ 2 0 , at f = 55.2 GHz, which are significantly smaller than that of the other antennas at 60 GHz [1] , [18] - [21] . Here one may also note that the 4 × 4 aperture array antenna presented in [26] demonstrates a peak gain of 20.4dBi but with a very large footprint of 38λ 2 0 .
V. CONCLUSION
We demonstrate the viability of a high gain and broadband aperture type antenna for 60 GHz applications. A steppeddielectric superstrate made out of single-dielectric material was used to construct an antenna. A prototype antenna exhibited a measured peak gain of 19.5 dBi, and over the entire matching bandwidth (55.2 GHz-65 GHz) the measured gain remains greater than 17 dBi. The cross-polarization is less than -30 dB over the operating band, and symmetrical radiation patterns in both the E-plane and H-plane are obtained. 
